The effects of bimodal grain size distributions on the mechanical properties of a newly developed TRansformation-TWinning induced plasticity (TRIP/TWIP) steel were investigated.
Introduction
In general, the ultra-fine grained steels with homogenized grain size distribution exhibit high strength and desired but not high ductility at room temperature. The latter is attributed to the lack of optimized work hardening behavior during plastic deformation [1] [2] [3] . The development of bimodal grain size distribution, which simultaneously consists of coarse and fine grains mixture, was introduced as a key concept to improve the strength and formability of the ferrous and nonferrous alloys [4, 5] . Bimodal grain structures, owing to the high work hardening capacity of coarser grains along with the strengthening ability of finer ones, exhibit superior combination of strength and ductility [6] . However, based on the up to date literature, a set of systematic studies is required to understand the effects of bimodal grain size distribution on the subsequent microstructural evolution and mechanical properties. This plays more important role in the case of advanced high strength steels where the dominant deformation mechanisms are highly dictated by the grain size [7, 8] .
The high manganese transformation and twinning induced plasticity (TRIP/TWIP) steels, owing to their exceptional combination of strength, ductility and strain hardening potential, have been the subject of many industrials and academic researches [9] [10] [11] . The mechanical properties of these steels are effectively determined by their chemical compositions and stacking fault energy (SFE). The latter in fact controls the alloy strain hardening capability through strain induced γ→ε and γ→α' martensite transformations and deformation twinning [12] [13] [14] [15] [16] . The results of previous researches indicate that the TRIP and TWIP effects might occur simultaneously where the SFE lays between 18 to 22 mJ/m 2 ; the TRIP and TWIP would be individually triggered by SFEs lower or higher than the aforementioned range, respectively. In addition, the strength and ductility would be higher where the martensite transformation and twinning occur concurrently during deformation [17] [18] [19] [20] [21] [22] . The martensite platelets and mechanical twins act as planar obstacles to dislocation glide during further straining. These planar defects may lead to an excessive work hardening and a delayed necking thereby resulting in greater uniform elongation [23] [24] [25] [26] . In this regard, Ding et al [17] correlated the various strain hardening stages of an advanced austenitic steel to the sequential occurrence of tripping and twipping. Furthermore, the capability of any microstructure to twipping and tripping is significantly influenced by the stability of austenite [27, 28] , the type of present constraint [27, 28] , the value of stacking fault energy, and obviously the grain size and its morphology [9, 29] .
In order to assist industrializing the manufacturing processes of these advanced high strength steels, applying a proper thermomechanical processing cycle is promising not only to break the cast structure down and simultaneously shape the material, but as an intermediate process to refine the grain size and optimize the microstructures. The results of numerous investigations conducted in this area show that the recrystallization phenomena, in particular the dynamic recrystallization one, would act as the main restoration mechanism and control the microstructural evolution in different hot working conditions [30, 31] . However, as is well established, a bimodal grain size structure (which holds a mixture of fine and coarse grains) would be developed if the deformation were significantly inhomogeneous,. Furthermore, the grain size and its distribution significantly affect the martensite transformation and the frequency of twinning thereby dictating the work hardening behavior during subsequent deformation [32] [33] [34] [35] [36] . However, the influence of bimodal grain size distribution as a decisive factor has been rarely considered in systematic approach up to date. In this context, the present work was conducted to study the effects of hot deformation conditions on achieving an optimum combination of strength and ductility through bimodal grain size distribution. The investigation was performed by emphasizing the effects of grain size distribution on the work hardening behavior of an advanced high strength steel holding the capability of twipping and tripping processes.
Experimental Procedure
The experimental material was received in hot rolled condition holding the chemical composition of Fe-21Mn-1.6Al-2.5Si-0.01C. The as received material was machined to proper workpieces to apply the predetermined hot rolling cycles. The workpieces were rolled down to 30% and 60% thickness reduction through 1 pass at different temperatures (1000°C, 1100°C, and 1200°C) followed by air cooling. These were performed to ensure the occurrence of restoration processes (in particular dynamic and static recrystallization) and accordingly to generate the microstructures composing of coarse and fine grains. As was mentioned, the size and distribution of the grains might directly influence the material capability to twinning and martensitic transformation under the subsequent room temperature deformation. To investigate the microstructures of the hot rolled materials, the workpieces were sectioned in the rolling (RD) and transverse (TD) directions, grounded and electro-polished. The microstructures were optically characterized using 4% Nital etchant. To assess the room temperature mechanical properties of the hot rolled materials, the tensile tests were conducted according to ASTM E8M standard [37] under the initial strain rate of 0.001s -1 using a Santam-20KN universal testing machine holding a load accuracy of 1N. In order to differentiate between ε martensite and fine twins, a tensile test was interrupted at logarithmic strain of 0.27. The corresponding microstructure was characterized through electron backscattered diffraction (EBSD). EBSD scan was performed in a JSM-7001F field emission scanning electron microscope (FESEM) equipped with Channel 5 system (HKL Technology), operating at 20 kV with specimens tilted 70°. The fracture surfaces and the corresponding underneath microstructures of the tensile specimens were also analyzed using scanning electron microscopy (SEM PhilipsXL30). The phase identification analysis by X-ray diffraction (XRD) was also carried out utilizing a Philips X'Pert PRO apparatus with a rotating copper anode (Cu Kα1) radiation and wave length of =1.5406 .
Results and discussion

Microstructural evolution
The optical microstructures of the experimental material after 7 min soaking (just prior to the hot rolling) at 1000, 1100 and 1200°C are shown in Fig. 1 . As is observed, the average grain size increases monotonically from 55±3 to 90±2 μm and finally reaches 160±4 μm by raising the temperature. The frequency of annealing twins is also increased by temperature.
The developed microstructures after hot rolling-air cooling treatments are depicted in Fig. 2 .
As is observed, at all deformation conditions the microstructures are partially refined, where a combination of coarse and fine grains is recognized. The latter is so called as bimodal grain size microstructure. The microstructural refinement is attributed to the activation of recrystallization processes, which have been well addressed in the previous works employing quantitative and qualitative approaches [23] [24] [25] 38] . Considering the main subject of the present work and to well trace the quantity of bimodal grain size distributions, the variations of frequency vs. mean grain size are presented in Fig. 3 . As is clearly realized, the distribution of grain size is more inhomogeneous at higher rolling temperatures. For instance, at 1200 °C and 60% thickness reduction, the grain size varies between 2 to 225μm, holding the highest frequency in the range of 2-15μm. In fact, under the aforementioned rolling conditions the stored energy is not high enough to activate the recrystallization through the whole microstructure. Therefore, the formation (nucleation and growth) of recrystallized grains is confined to the specified regions. Moreover, the high temperature during deformation caused the initial un-recrystallized grains to be coarsen. As the grain size distribution in initial microstructures (after soaking/before rolling, Fig. 1 ) is almost homogeneous, the occurrence of grain growth close to the fine grains is clearly characterized.
To be more precise, the bimodal grain size distribution was quantified and represented in Table 1 . The austenite grain sizes were measured from the coarse grain regions (Dc), fine grain regions (Df) and considering both regions simultaneously (Davg). The degree of bimodality was quantified employing: (i) the ratio of average grain sizes between the coarse and fine grain regions (Dc /Df), (ii) the difference in average grain sizes between coarse and fine grain regions (ΔD), and (iii) the difference in average grain sizes between the coarse and fine grain regions divided by the average grain size measured considering both coarse and fine grain regions (ΔD/Davg). As is well traced, the higher the rolling temperature and the lower the thickness reduction, the greater the degree of grain size bimodality. Based on the quantified bimodality factors, three different regions of low, medium and high bimodality are characterized which would definitely affect the subsequent capability of the material to be work harden during straining.
Mechanical properties at room temperature
The flow behaviors of the hot rolled material were defined by tensile testing at room temperature under the initial strain rate of 0.001s -1 (Fig. 4) . As is seen, suitable combinations of high strength and high ductility with the formability indexes between 28000-63000 MPa.% are achieved through the applied hot rolling-air cooling treatments. As is expected, the room temperature mechanical properties are significantly influenced by the rolling temperature and thickness reduction. The yield and ultimate tensile strength and also the elongation to fracture values are extracted and depicted in Fig. 5 . The yield stress is significantly decreased by increasing the temperature. This is rationalized considering Hall-Petch effects [39] , i.e. relying on the higher mean grain size of the materials rolled at 1200°C in comparison to that of 1100 and 1000°C. In spite of yield stress decreasing trend, the tensile stress and ductility are generally increased by increasing the rolling temperature. This is justified based on the hardening capability of the material processed at various conditions. In order to assess the processed materials hardening behavior at a glance, the variations of yield to tensile strength ratio corresponding to different rolling temperatures and rolling thickness reduction are presented in Fig. 5c . As is observed, the obtained values stand below the threshold ratio (i.e. <0.7), which provides a safety margin against failure in the post-yield area [32] . This represents the high work hardening capacity of hot rolled materials at room temperature. In addition, a decreasing trend of yield to tensile ratio is recognized as the rolling temperature increases and the thickness reduction decreases. These is discussed precisely in the following sections.
Work hardening behavior
In this study, the Considere's criterion was used to predict the onset of necking from the point of intersection between the true stress and work hardening curves, as is represented in Fig.   6 . As is observed, a very little necking occurs and the fractured is reached suddenly just beyond the strain limit shown by point A, B, and C. The typical strain hardening behavior of the materials deformed at 1100 and 1200°C is divided to 4 stages. At the initial periods of plastic deformation, the strain hardening rate decreases rapidly (Stage A) and then declines slightly down to the critical strain required to initiate the austenite to martensite transformation and twinning (Stage B). The work hardening is enhanced in the third stage (Stage C). The suggested work hardening mechanism in this region is martensitic transformation. In addition, the primary/secondary twinning and their interactions may raise the rate of work hardening in the specified deformation condition. However, as is well understood [7, 8] , the contribution of the twinning and tripping in full austenitic microstructures would dependent upon the grain size distribution; this will be explained afterwards. In the final periods of plastic deformation (Stage D) the microstructure is saturated and the hardening rate decreases abruptly. Interestingly, in the work hardening curve of the specimen rolled at 1000°C only 3 stages are characterized; the Stage C appears to be eliminated.
Considering the calculated stacking fault energy of the experimental material through
Olsen and Cohen model [40] , which is around 18-22 mJ/m 2 at 25°C, the present material is prone to the simultaneous occurrence of twinning and martensitic transformation at room temperature.
In order to confirm the occurrence of martensitic transformation, the X-ray patterns of the deformed specimens are shown in Fig. 7 . The strain induced transformation of austenite to martensite during room temperature deformation may be proceeded through three ways [43, 45] .
These ways are γ→ε, γ→α', and γ→ε→α'. The volume fraction of each phases are shown in Fig.   8 . The main issue is the fact that the hardening effect of ε martensite, achieved by strain induced γ→ε transformation, is relatively weaker than that of α' after γ→α' transformation. As is observed, for 30% thickness reduction, the amount of α' martensite is raised by increasing the temperature from 1000°C to 1100°C, but is decreased in the specimen treated at 1200°C. But for 60% thickness reduction, the amount of α' martensite is monotonically increased by temperature. The variation of the overall martensite fraction (α'+ε) also follows the same increasing trend. This is consistent with the observed variation in mean grain size and its distribution. As was noted, the mean grain size and the bimodality of grain size distributions are increased by raising the rolling temperature.
In fact, it appears that the formation of strain induced martensite in coarse grains would be easier in comparison to that of fine grains. Therefore, the amounts of martensite formed in the specimens rolled at 1100 and 1200°C are higher than that of 1000°C ones. It is worth noting that the higher amount of martensite in former cases can be considered as an evidence of their higher capability to work hardening during further straining, i.e. the higher ultimate strength and elongation to fracture values. Some minor deviations from the discussed trend can be attributed to the contribution of mechanical twinning to induce plasticity at various processing conditions. For instance, despite the higher volume fraction of α' martensite in the specimen rolled at 1100°C/30% compared to that of 1200°C/30%, the latter possesses higher ductility values. This is reasoned considering the higher twinning potential in coarse austenite grains, which their fraction is higher in specimens treated at 1200°C. Considering the higher bimodality factor, the frequency of fine grains in the specimens treated at 1200°C/30% is also more than that of 1100°C/30% ones. This would retard the twin formation into higher strain levels. It is generally believed that the deformation of fine grains is assisted by martensitic transformations, but the coarse grains are assisted by twinning.
In order to clarify the occurrence of twinning and martensitic transformation, the SEM images of the developed microstructures are considered (Fig. 9) . As is recognized, the prevailing plastic deformation mechanism in the materials processed at 1000°C (Fig. 9a) is martensitic transformation. The α'-martensite forms at the intersections of ε ones (indicated by red arrows),
where the high amount of stress is concentrated. As is well known, the source of both ε martensite and deformation twins is similar because they both formed along stacking faults. Therefore, EBSD analysis can be used to differentiate the ε martensite and deformation twins. However, the high dislocations density of the microstructures at the fracture strain makes the differentiation impossible. Therefore, the phase map of the microstructure which has been rolled at 1000˚C and tensile tested up to the logarithmic strain of 0.27 is presented in Fig. 9g . The green and gray colors show ε martensite and red and the blue one are α'-martensite and austenite, respectively. It is worth noting that the Df (average grain size of fine grain regions (<15μm)), Dc (average grain size of coarse grain regions), and Davg (numerical average grain size) in the microstructures of the materials rolled at 1000°C are positioned in the range of 8-9, 19-23, and 11-16μm, respectively ( Table 1 ). The fine grains suppress the formation of twins since the mechanical twinning is triggered just where the planar dislocation piles up reach to the necessary level. This suppression is very sensitive to the grain size where it goes lower than 15μm [41, 42] . In addition, the deformation twinning defines the length of work hardening region (since it enhances the ductility values) and martensitic transformation indicates the magnitude of hardening. Accordingly, since the deformation twinning is suppressed in finer grain sizes, the elimination of Stage C in hardening curve of the materials deformed at 1000°C appears to be rationalized (refer to Fig. 6 ).
Since the bimodality factor is significantly increased by hot rolling at 1100 and 1200°C, the deformation twinning and strain induced martensite transformation have the necessary activation energy to form in coarser grains. Consequently, the presence of mechanical twins in
Figs. 9b and 9c (indicated by the arrows) is rationalized. In comparison with 1100°C, the secondary deformation twins crossing the primary ones are seen in the tensile specimens of the materials rolled at 1200 °C (Figs. 9c, and 9e) . For further clarification, the higher magnification images of secondary twins and primary/secondary twins intersections are depicted in Fig. 10 .
Another main point is the α'-martensite formation at the twin bands interfaces, which are considered as high energy preferred sites for martensite nucleation (Fig. 10a) . Owing to the simultaneous formation of martensite and twins along with their interactions, the work hardening capability of the experimental material is raised and higher elongation to fracture is achieved in the materials processed at 1100 and 1200°C.
Fractography
The SEM images of tensile specimens' fracture surfaces are shown in Fig. 11 . The presence of deep and shallow dimples with different size and depth beside the cleavage denotes a mixture mode of ductile and brittle fracture. This coincides with high ductility and high strength values obtained at various deformation conditions. For instance, the contribution of dimpling is well higher in the fracture surface of the materials processed at 1200°C (Figs. 11c, 11f) . The mechanism of ductile fracture is believed to be micro-voids formation at the grain boundaries and triple junctions. Moreover, dimple fracture is partially replaced by quasi-cleavage fracture due to the appearance of martensitic laths by increasing the martensite portion. Another evidence of high ductility values would be the presence of strain markings, known as ripple lines, on the walls of some large dimples, which are indicated in Fig. 12 . Finally, it can be concluded that the characteristics of the fracture surface logically represent the tensile behavior of the processed materials.
The ultra fine size dimples and their equiaxed shape and discontinuous distribution, i.e.
the cavitation behavior of the experimental material, are introduced as the main factors which influence the necking retardation phenomena. Equiaxed and fine dimples indicate that the cavitation starts at the final stage of tensile deformation. This is justified considering the occurrence of twinning and martensite formation even at the early stages which enhances the hardening capability of the material. Bouaziz et al [44] showed that in high Mn steels with twinning ability, no necking was observed due to delay in the formation of voids or integration avoidance of them during the tensile test. They found that in comparison with conventional steels, the void content is much lower in the TWIP steels. Therefore, it seems that void formation and high hardening capability result in high ductility values and prevention of necking.
Conclusion
The main conclusions of the present work are summarized as follows. The microstructures of the experimental material after hot rolling at various conditions showed different levels of bimodal grain size distributions (bimodality) due to the occurrence of partial recrystallization. The mean grain size and bimodality were increased by increasing the rolling temperature and decreasing the thickness reduction. These significantly influenced the activation of martensitic transformations and mechanical twinning in subsequent tensile deformation at room temperature.
This in turn affected the work hardening capacity of the material. The simultaneous operation of martensite formation, mechanical twinning and their interactions led to the appearance of the 4 stages hardening behavior in the case of materials rolled at 1100 and 1200°C. However, the rapid hardening region was eliminated in the work hardening behavior of the material rolled at 1000°C
where the distribution of grain size was more homogenous and the grain size bimodality was low.
These were attributed to the grain size effect on the probability of twinning and tripping in rolled microstructures. It was discussed that the mechanical twinning would define the length of the work hardening region and the transformation of austenite-to-martensite would indicate the magnitude of strain hardening.
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